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Department of Biological Sciences, University of D undee, Dundee, Scotl and 
In the adult hair foll icle the dermal papilla plays a crucial role 
in the dermal-epidermal interactions that control hair pro-
duction and events of the growth cycle. It has previously been 
shown that cultured cells from rat vibrissa follicl e dermal 
papill ae can stimulate hair growth when implanted into am-
putated fo llicles. This study investigated the effects of im-
planting low-passage cultured papilla cells into small inci-
sional wounds in the rat ear pinna. The groups of fibers that 
emerged from wound sites were much larger than local hairs, 
and often had vibrissa-type characteristics. Later-passage pa-
pilla cells or cultured skin fibroblasts failed to elicit the same 
response. Histology revealed that big follicl es were formed 
when papilla cells were trapped between the cut edges of the 
epidermis. Abnormally large follicl es were seen at wound 
T he vibrissa follicle has been a potent model in furth er-ing our understanding of hair follicle biology. Early work showed that hair bulbs transplanted into the rat ear pinna continued to grow hairs 11]. Then microsur-gical technigues were used to experimentally stimu-
late fo llicle regeneration 12]. T he capacity of the adult dermal pa-
pill a to induce hair growth in follicular sites [3] and follicle 
fo rmation and fiber production in association wi~h epide~mis from 
different body sites 14,5] underpllls the current IIlterest 111 dermal 
papilla cell properties . Much of the recent work on this specialist 
fibroblast- li ke cell popul ation has been cell-culture based [6 ,7] with 
emphasis on areas such as extracellular matrix, growth factors and 
cell proliferation, and hormonal control [8 - 12]. An important link 
between culture activity and in vivo properties was shown when 
cultured vibrissa papilla cells put back into ablated foll icles induced 
the restoration of hair growth [13]. 
T he question of fo llicle neogenesis has often been closely linked 
with wound healing. Early reports of neogenesis after operations 
were countered by those that suggested that wound contraction was 
the reason for the appearance of extra follicles around wound sites 
[1 4]. W ounding of dermal papilla cells in silll does not induce scar 
ti ssue formation, and has th e effect of stimulating hair length in-
creases [1 5,16]. Paradox ically, in culture, papilla cells display the 
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sites many months post-operatively. Independent of epider-
mal influence, cultured papilla cells in the wound dermis 
formed rounded papilla-like aggregates that also persisted 
until biopsy. A previously described method of wrapping 
papilla cells in glabrous epidermis was less successful in per-
centage terms but resulted in the production of one very large 
vibrissa-type follicle and fiber. These results further illustrate 
that the inductive powers and developmental information 
retained by cultured dermal papilla cel ls parallel the proper-
ties of their embryonic precursors; the findings may have 
implications for human hair growth. Key words: hair 
growth/ cell culture/dermal papilla/wounds. ] Jil l/est Derma-
toI101 :584 - 590, 1993 
alpha smooth muscle actin marker that is characteristic of wound 
myofibrobl asts [17] . In the current work the interaction between 
cul tured rat dermal papilla cells and wound epidermis was examined 
by implanting the cultured cell s into small cuts in th e rat ear 
pinna. W e demonstrate the induction of new follicles and also of 
fibers that have vibrissa-type characteristics and are larger than ear 
hairs. 
MATERIALS AND METH O DS 
Animals All work was performed on an inbred stra in of PVG/C hooded 
rats, colony University of Dundee. Operations were performed on animals 
of either sex, aged between 3 months and 1 year. 
Cell Cultures Vibrissa follicle dermal papilla ce ll cultures were estab-
lished from explants as described previously [6, 18]. Briefly, fo llicles were 
dissected from the mystacial pad reg ion and their bases cut off and placed in 
sterile minimal essential medium (MEM, Gibco). Under a stereoscopic dis-
sec ting microscope (X 20 magnification) the collagenous fo llicular capsule 
was then inverted using sharpened watchmakers forceps, and epidermal 
elements were removed from around the dermal papilla. Papillae were then 
isolated and put into explant culture. At this stage the lower dermal sheath 
was also separated from the papilla and capsule for cell culture. Skin fibrob-
last cultures were established from explants derived from the mid-dorsal 
fl ank or from the mystac ial pad region of ki lled animals. An area of skin had 
surface hairs removed with Immac depilatory crea111 (Whitehall Laborato-
ries, London) . This patch was then cleaned and swabbed in 70% ethanol, and 
then a section of a few millimetres diameter was chopped into small pieces 
and put in to explant culture. 
All cultures were initially grown in MEM, containing 20% fe tal bo-
vine semm (FBS); 20 mM L-glutamine, and antibiotics (all from Gibco, 
Paisley, Scotland) . Cells were kept in 35-111111 diameter cul ture plates in 
an atmosphere of 5% CO2 at 37" C. For routine passaging, cells were 
ttypsinized using 0.25% trypsin solution in ethylenediamine tetraacetic 
acid. After the first passage the serum content of the medium was reduced 
to 10%. 
0022-202X/93/S06.00 Copyright © 1993 by T he Society for Inves tigative Dermatology, Inc. 
584 
VOL. 101 , NO. 4 OCTOBER 1993 
Figure 1. Large darkly pigmented hairs (arrow) emerging from an ear 
w ound site 6 weeks after implantation of low-passage dermal papilla cells. 
The origin o f large hairs was always directl y over the init ial line of incision. 
Figure 2. Long hair at a wound site at bio psy, four months post operatively . 
Note that the induced fiber is straight, and remains thick towards its 
base. 
Experimental Protocol 
Cells Implallted Directly iI/to Ear WOJ//Jds: Operations were performed w ith 
derma l papilla cells after one, two, o r three passages. Control cells were sk1l1 
fib roblasts and later-passage (4 and 5) dermal papilla cell s. Some hours prior 
to each operation the normal culture medium was removed and replaced 
with MEM containing antibiotics and glutamine but w ithout serum. 
R a ts were anesthetized w ith ether. The upper surface of their ears were 
depila ted w ith Immac, washed , and swabbed with 70% ethano l and then 
MEM. One ear was then lightl y clamped with artery fo rceps, supported at all 
times by wads of cotcon wool. Small cuts o f 1 to 2 mm in length were then 
made on the top surface of the ear pinna - usuall y one incision per car. C uts 
were usually made co the depth o f the cartilage in the center of the car. Excess 
bleeding was swabbed away with absorbent cotton wool ball s. 
M e dium was removed from a culture di sh conta ining cells at confluence. 
A confluent 35-mm culture plate containing between 2 X 105 (papilla) and 
4 X 105 (fibroblast) cell s was normall y used fo r two wound procedures. The 
ce ll s w ere then rapidly scraped from the base of the dish with a rubber 
Table I. External Observation of Hair Growth 
Papill a cells (PI - P3) 
Papilla cells (P4 - P6) 
Skin fibroblasts (Pl - P3) 
Dermal sheath ce lls (PI - P3) 
Numbers of Implantations 
Producing Abnormally 
Large Hairs 
9 
o 
o 
o 
Without N ew 
H air Growth 
8 
4 
4 
5 
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Figure ~. Transverse histo logic section th rough an im planta tion site after 
7 d. PapIlla cell s fill the wound space, which centrally goes down to the level 
of the carttlage but also slants down to the le ft o f the section and descends 
deeper beneath disrupted ca rtilage. The cells have an extracellular matrix 
that s tain ~ w ith Alcian blue- particularly near co the epidermis, w hich is 
lughly thIckened , and proj ects down into the dermis in places (arrows). In 
the dermlsJust above the level of the ca rtilage a group of papilla ce ll s (p) have 
formed th: mselves mto a dense clump. Bar, 100 }lm. W eigert 'S hematoxy-
1m, C urtt s s Ponceau S, and Alcian blue. 
Figure 4: Histo logy of the wound epidermis at the site of papilla cell 
Implantatton after 7 d. EVIdence that fo llicles are be ing reconstructed is 
illustrated by this small epidermal structure, w hich has the fea tures of a 
rudimentary hair fo llicl e in embryo nic development. N ote the small cluster 
o f dermal ce lls at the base of the epidermis, and the absence of a hair canal or 
sebaceous glands higher up. Bar, 30 Jim . Weigert's hematoxy lin, Curtis's 
Ponceau S, and Alcian blue. 
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policeman and removed in clumps with sharpened watchmakers forceps. A 
cell clump was then pushed into the wound gap, and the process was re-
peated until the wound was full of cells. The wound was then observed until 
the upper layer of cells/blood had dried. Wounds were not normally cov-
ered, although occasionally a thin layer of Opsite (Johnson and Johnson) 
was sprayed on carefully while the eyes of the animal were fully protected by 
a covering. 
Low-passage (Pl-P3) dermal papilla cells were implanted into ear wounds 
in 17 animals. Four animals received later-passage (4 or 5) dermal papilla 
cells and the same number had skin fibroblasts introduced. A further five 
animals had implants of cultured dermal sheath cells. Six rats had low-pas-
sage papilla cells implanted so that events in the skin fo llowing implantation 
could be observed histologically. 
Papilla Cell/Epidermal Recombillatiolls ill Ear Ski" Pockets: This experiment 
was a variation on a previous method developed by Oliver [4]. Scrotal-sac 
epidermis was obtained by splitting small pieces of skin (examined under a 
dissecting microscope to establish that they were visibly free of hair follicles) 
with trypsin. Dermal cells were harvested by scraping with a rubber police-
man, as described above. Small clumps of dermal cells were then placed into 
the middle of a sheet of epidermis on the basal side, and then the corners of 
the epidermis were lifted up and joined together with light pressure using 
watchmakers forceps. This created a ball of papi lla cells enclosed within a 
sack of epidermis. This was either implanted immediately, or incubated in 
FBS at 37"C for up to 18 h to allow the dermal cells and epidermis to 
associate better. 
Rats were anesthetized and ears prepared for operation as described above. 
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Figure 5. Histology showing a wound site that had been filled with low_ 
passage dermal papilla cell s. aJ Transverse section at low magnification 
showing the papilla cells filling the wound space to the depth of the cut: 
Beneath the epidermis the highly cellular wound region is clearly delineated 
from the more fibrous dermis at the sides, where hair follicles are visible. At 
the surface an interaction between the epidermis and papilla cells has resulted 
in the formation of a large structure. Bar, 100 11m. bJ Higher magnification 
view of the same wound, showing where the two sides of the wound epider_ 
mis have enclosed a group of papilla ce ll s, and follicle formation is appar-
ently taking place. The epidermis has clements resembling hair matrix, and 
the papilla cells inside the epidermis are separated by non-fibrous extracellu_ 
lar material. The thick basement membrane surrounding the epidermis is 
visible by light microscopy and resembles the hair follicle glassy membrane. 
Bar, 30 pm. c) The same site-low down in the incision a group of papilla 
ce lls have spontaneously formed a rounded aggregate in absence of any 
surrounding epidermal contact. Bar, 30 11m. All sections stained with Wei-
gert's hematoxylin, Curtis's Ponceau S, and Alcian blue. 
A pocket was made by first using a scalpel tip (number 11 blade) to create an 
initial wound and then pushing the tip horizontally at a narrow angle to the 
skin surface. The blade was removed and tips of watchmakers forceps were 
then introduced to deepen the pocket to about 3 mm and to create uniform 
width. 
The recombinations were implanted by lifting the top of the ear skin 
pocket with fine forceps and then gently introducing each implant as far 
back into the space as possible. Most of the above actions were performed 
under a binocular dissecting microscope (Zeiss). Eight dermal papilla celli 
scrotal sac epidermis recombinations were carried out. 
Monitoring and Tissue Processing Operational sites on the ears were 
examined at intervals, and external features were recorded photographically. 
Animals were killed, and the implant regions were biopsied and fixed iu 
formal saline up to 12 months post-operatively. For early events, material 
was biopsied at intervals up to 4 weeks. The skin was processed for normal 
wax histology, sectioned on a microtome at 8 microns, and stained with 
a combination of Weigert'S hematoxylin, Curtis's ponceau S, and Alcian 
blue. 
RESULTS 
By six weeks post-operatively, large hair fibers had grown from the 
operational sites of ears that received low-passage dermal papilla cell 
implants (Fig 1). These emerged directly along the line of the 
wounds, and usually from the center of the scar. Just over half of the 
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low-passage implants eventually p~oduced a~normall.y long hairs, 
which were never found followmg ImplantatIOn of skm fibrobl as ts, 
high-passage dermal papilla cells, or dermal sheath cells (Table I). 
, About half of these new large hairs displayed all the basic morpho-
logic features of whisker fibers; that is, they had an attenuated 
cone shape and became progressively thicker towards their base 
and had a smooth surface and an open medull a (Fig 2). This con-
tras ts with ear hairs, which are very short (approximately 1 mm) 
and tapered at the tip and base and have both a corrugated surface 
and a septate medulla. The other large hairs had one or some-
times two characteristics that were not whisker-like. Most 
commonly the medulla was laddered rather than open; less fr~­
quently the fibers tapered towards their base. Where the operation 
was successful , it was rare that single large hairs were produced; 
usua lly a line or clutch of several long fibers were found. The 
longest fibers grew to 8 to 9 mm. Both pigmented and unpig-
mented hairs were observed. It was not possible to fo llow the fate of 
individual follicl es; however, observations of the sites for up to a 
year r evealed a loss in the number of long fibers present over time. 
As a number of big hairs were still seen at this time, it appears that at 
leas t some follicles had been able to cycle. At control wound sites, 
scars were initially visible, and some abnormalities in pigmentation 
and fib er growth were apparent; however nothing resembled the 
large hairs produced following low-passage papilla cell implanta-
tion . 
Short-Term Histology Histologic studies of operation sites 
after 4 d revea led that the wounds were filled with implanted cells, 
with the dermis at either side of the cut edges clearly delineated, and 
often containing intact follicles. At this stage the epidermis was very 
thick but uneven basally with no clear structure. At 7 d the wound 
epidermis was mostly continuous and still th icker than that to the 
sides of the wound site. This epidermis continued to display intense 
proliferative activity as sl~own by the nu~nbers of m~tot~c fi gures . 
Within the wound denms downward epidermal projections were 
often visible, usually towards the sides of the wound gap (Fig 3). 
These resembled stages of embryonic follicle formation rather than 
telogen follicl es in that they showed no evidence of a hair canal or 
associated sebaceous glands (Fig 4) . Papilla cells within the wounds 
retained an extracellular matrix that stained with Alcian blue, par-
ticula rly near the dermal-epidermal junction . This indicated con-
tinuing production of unusual amounts of glycosaminoglycan by 
the cells, a feature of their condition ill situ during ana gen. A key 
observation at 14 d was that relatively large numbers of papilla cells 
in the upper region of the wound were enclosed within epidermal 
leaves. Papilla cells in this position were widely spaced and 
surrounded by extracellular materia l, whereas some elements of the 
adjoining epidermis had the appearance of hair matrix and at the 
sides appeared to be surrounded by a thick basement membrane that 
resembled hair follicle glassy membrane (Fig Sa,b). Thus it appeared 
that papilla cells became associated with wound epidermis as it was 
closing, resulting in the formation of a new dermal papilla, and 
initiating establishment of a large new follicle. Lower in the wound , 
implanted papilla cells were found to have spontaneously formed 
rounded aggregates (Fig Sc), but no signs offollicle formation were 
visible from these central deep papilla cell clumps that remained 
isolated from wound epidermis. 
Long-Term Histology In wound sites that had not produced 
abnormal hairs, scars could often be detected as slight depressions or, 
alternatively, bumps in the skin surface. A frequent indicator of the 
wound site was the evidence of damaged or broken ear cartilage. 
Aggregations of papilla cells were seen in the dermis below scars, 
and near to damaged cartilage (Fig 6a,b). In specimens that had 
produced large fibers a few abnormally large follicles were seen at 
the site of wounding and implantation (Fig 7a) . In the biopsies 
obtained four or more months after the original operations there 
were fewer large follicles clearly producing fibers with vibrissa-type 
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Figure 6. Histology showing that after their formation aggregates of der-
mal papilla cells remalll at the wound sites indefinitely. aJ A rajsed wound 
Site, With a small ball of papilla ce lls (arrow) visib le in the dermis after 2 
months. Bar, 50 tim. bJ Aggregated papilla ce lls (p) above a region of dam-
aged ear cartilage (c) after 2 m011ths. Interestingly these cells have all the 
appearance of an anagenpapilla-widely separated , with a glycosaminoglycan 
n ch extracellular matnx. Bar, 30 tim. Weigert'S hematoxylin, C urtis's 
Ponceau S, and Alcian blue. 
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characteristics, and some of these were in telogen (Fig. 7b). How-
ever, other features suc h as epidermal cysts and unusual follicles 
w ere seen in wound sites where large fibers had previously been 
observed externally (Fig 7 c). 
Scrotal Sac Recombinations Only one of these recombinations 
produced new fo llicle formation , and the successful interaction pro-
duced a massive vibrissa-type follicle and fiber. The follicle, which 
was active at the time of biopsy, was very much larger than any 
surrounding appendages and contained sebaceous glands (Fig 8). A 
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Figure 7. The appearance of large follicles at long- term biopsy following 
implantation of low-passage dermal papilla cells. aJ A follicle that was ac-
tively growing a vibrissa-type fiber at biopsy, 4 weeks post-operatively. Note 
the size of the dermal papilla and bulb, and the unusual angle of the fo llicle to 
the skin surface. Bar, 100 /1m. bJ A biopsy showing a large follicle in telogen 
in a wound site after 4 months. The solid club fiber is sti ll in place. Bar 
100/1111. cJ Two unusual follicles at the edge of an implant wound. Th~ 
larger of the two is bigger than ear follicles, and has vibrissa-type shape and 
characteristics, whereas the miniature one seems to be branching from it. 
Bar, 30/1m. All stained W eigert's hematoxylin, Curtis's Ponce au S, and 
Alcian blue. 
thick non-medullated fiber was sti ll present within it. Histology of 
other recombinations revealed extensive cyst formation as well as 
groups of papilla cells that had remained as discrete clumps. Abnor-
mal follicles were also seen along the line of the implant 
scars. 
DISCUSSION 
The presence of existing follicles in the rat car complicates the 
1nterpretation of certain aspects of this study . Nevertheless, this 
work provided compelling evidence that cultured vibrissa early-
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Figure 8. Histolo~y of a ~el)' lar~e follicle formed after implantation of 
d rmal papilla cel ls 111 aSSOCIation wIth scrotal-sac epIdermIs after 10 weeks. 
rJoce chat the fiber is vibrissa-like, thick and non-medullated, and that the 
foil ide has sebaceous glands associated with it. Small ear follicles are shown 
by arroWS. Bar, 100 /lm. Weigert'S hematoxylin, Curtis's Ponceau S, and 
AIcian blue. 
assage dermal papilla cells implanted into ear skin wounds stimu-
fated the growth of large hai: fibers: Associated with these we.re 
large follicles WIth correspondll1gly bIg end bulbs and dermal papIl-
I e. Therefore, the general effects conformed with the established 
ideas of Van Scott, that the size of the dermal papilla determines the 
size of the follicle [19]. 
Three explanations for the mechanism behind these events are 
readily formulated. One is that papilla cells provide exogen?us sig-
nals, for example in the form of growth factors, that stimulate 
growth of local follicles/cells. Another is tha.t local folhc~es ~ecrUlt 
xtra papilla cells when they reform after ll1JUry. The third IS that 
e apiUa cells construct large new follicles by direct association with 
~pidermis. Evidence for the la.tter idea. comes from ~hort-term ob-
servations where, as seen prevIOusly With lI1tact papillae unplanted 
into ear wounds [20] , structures were formed when groups of papilla 
cells became associated with wound epidermis. It seems ~nbkely 
that this phenOl.nenon represents a ~eparatlve reactIOn to ehmll1ate 
the dermal papIlla cells because a) It was observed after 2 week~, 
which seemed to be late in the healing process for this to occur, b) It 
has never been observed with any other cell type including late-pas-
sage papilla cells, and c) the papilla cells were obviously healthy and 
appeared to be interacting with the epidermis, which was Itself 
altered. Thus, we are confident that dermal papilla cell- induce? 
development of new large follicle structures took place. However, ~t 
is important to stress that neogenesis in the pure sense of the word IS 
unlikely to have occurred, because much of the interactive wound 
epidermis will have migrated out from damaged hair follicles 
[21,22]. The finding that skin fibroblasts, follicle dermal sheath 
cells, and later-passage papilla cells were unable to stimulate follicle 
formation is consistent with previous work. Unlike low-passage 
papilla cells, these control populations previously failed to elicit 
fiber formation when implanted into inactivated vibrissa follicles 
[13] . Because at long-term biopsy fewer large follicles were visible, 
this could indicate that local modulatory influences were operatll1g 
to convert induced follicles to ear-type follicles [23]. Alternatively 
large follicles may have mechanical difficulties in cycling normally 
and thus maintaining themselves in the relatively shallow ear skin 
site. 
The intriguing observation that the largest fibers produced had 
all the characteristics of vibrissa hairs has direct parallels with em-
bryonic recombination experiments that have demonstrated that 
the site, pattern, and size of appendages are determined by the 
dermis [24-26]. Therefore in simple terms the papilla cells appear 
to retain the inductive properties of their embryonic precursors, so 
that as well as being able to induce hair growth, they have the 
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capacity to specify hair type. Rat vibrissa and pelage hairs cannot be 
distinguished by biochemical analysis of their hair keratins: and 
fiber characteristics are almost certainly influenced by the shape and 
properties of the dermal papilla. In this context, pre-papilla dermal 
cell aggregation is a crucial part of embryonic hair follicle formation 
[27 -29]. The spontaneous aggregative phenomenon previously 
demonstrated by adult vibrissa papilla cells in vivo and in vitro [18], 
and again in wound sites in this study, emphasizes that this behavior 
is intrinsic to these papilla cells and is independent of epidermal 
influence. Indeed, the formation of discrete cellular aggregates and 
Alcian blue positive staining were two of the characteristics that 
made implanted dermal papilla cell s readily identifiable in sequen-
tial and long-term biopsies, and in previous implantation experi-
ments we have confirmed this by pre-labeling of the cells with 
tritiated thymidine and autoradiography [13]. Rat pelage follicle 
dermal papilla cells, which show less obvious clumping in cu lture, 
induce pelage follicle and hair formation when associated with adult 
~ootpad epidermis [30]. The pelage work also shows that papilla cell 
lI1ductive properties may be universal and therefore could apply to 
human follicles. 
The large fibers that did not display all the features expected of 
vibrissa hairs may have come from follicles that incorporated extra 
papilla cells into their papillae and/or dermal sheaths when reor-
ganizing after injury-although no direct observational evidence 
of this was obtained. Intermediate follicle types were observed 
when Pisansa~akit and Moore [31] transplanted rat vibrissa papillae 
mto embryol1lc mouse skin and produced several abnormal follicles 
bigger than those of host skin but smaller than regular vibrissa 
follicles. Certainly hair follicles can reconstruct themselves after 
serious damage, as was demonstrated by regeneration [2,32 - 34] and 
woundmg [15,16] experiments on vibrissa follicles. Although extra 
fiber length can be produced by lower follicle wounding [15], injury 
alone cannot account for the production of bigger fibers in the 
current work. The hairs that emerged from control injury sites did 
not have the proportions of those from wounds containing papilla 
Implants and never appeared to be of a vibrissa type. 
The relative faci lity with which large fibers were produced in the 
current work may be attributed to a number of factors. Incisional 
skin wounds may be ideal for the formation of new foll icle struc-
tures because the environment has many features found in embry-
onic skin. For example, space for morphogenesis is provided because 
the wound is filled with less fibrous extracellular collagen, and the 
extracellular architecture is initially quite " loose" [35]. In this con-
text it has been shown that fibronectin produced in wound healing 
undergoes a form of splicing similar to that in embryonic develop-
ment [36]. There is also a proliferative epidermis and an abundance 
of growth-factor activity. Therefore, given the correct derma l cell 
influence an? the almost inevitable association of papilla cells with 
the. eplde~mls at the wound surface, conditions are appropriate for 
rapId follIcle development. In considering the methodology, not 
much emphaSIS should be put on the numbers of ce lls that were 
implanted because inevitably large numbers of cells lower down in 
wounds did not interact with epidermis. 
Wrapping papilla cells in glabrous scrotal sac epidermis pro-
duced one excellent vibrissa fo llicle-type specimen and further 
emphasizes that dermal papilla cells in correct association with 
epidermis . can organize the development of vibrissa-type follicles. 
The relatively poor success of this technique reflects the diffi-
culty of keeping the ensemble intact, even with prior associa-
tion in vitro, but the failure of these recombinations also illustrates 
clearly the importance of topography in follicle formation/hair 
keratinization. Thus, although vibrissa fo llicle tubes will regenerate 
in ectopic sites, if the tubes are opened out to be simple layers this 
will not occur [37] . Likewise, in culture, hair-type keratinization 
• Delormc P: Identificarion et classification des keratines de souris. Ex-
pression des kcrarincs epidermiques au cours du dtveloppment et lors de 
recombinaisons dermo-cpidermiques. Thesis, University of Grenoble I, 
1989. 
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is not induced by simply putting epidermal cells on top of papilla 
cells [38] . 
CAB] is gratqul to Salldy Meiklejohtl Jar support ing his rig/It to publish. We thank 
Dave Hutchisoll Jor photographic assistallce, alld the WeI/come Trust Jar equipmwt 
jimdillg. CAB] was a Royal Society 1983 Ulliversity Research Fellow. 
REFERENCES 
1. Cohen J : The transplantation of individual rat and guinea-pig whisker papillae. 
] Elllbryol Exp Morphol 9: 117 - 127. 1961 
2. Oliver RF: Whisker growth after removal of the dermal papilla and lengths of the 
follicle in the hooded rat.] Elllbryol Exp MorpIIO/15 :331-347. 1966 
3. Oliver RF: The experimental induction of whisker growth in the hooded rat 
by implantation of dermal papillae. ] Elllbryol Exp Morphol 18:43 - 51. 
1967 
4. Oliver RF: The induction of follicle formation in the adult hooded rat by vibrissa 
dermal papillae.] Embryol ExpMorphoI23:219-236. 1970 
5. Oliver RF: Responses of oral epithel ium to the influence of whisker dermal 
papillae in the adult rat. Arch Oral Bioi 18:413-421. 1971 
6. Jahoda CAB, Oliver RF: The growth of vibrissa dermal papilla cells in vitro. Br] 
0"IIIalo/l05 :623-627. 1981 
7. Messenger AG: The culture of dermal papilla cell s from human hair follicles. Br] 
Oerlllalolll0:685 -689.1984 
8. Couchman JR: Rat hair follicle dermal papillae have an extracellular matrix 
containing basement membrane components. ] I"vesl Dennalol 87:762- 767. 
1986 
9. Messenger AG. Senior HJ. Bleehan SS: The in vitro properties of dermal papilla 
cell lines establ ished from human hair follicles . Br] DennaloI114:425-430. 
1986 
10. Arai A. Katsuoka K. Kieswetter F. Schell H. Hornstein OP: Effects of testoster-
one. dihydrotestosterone and estradiol on the growth behaviour of cultured 
hair bulb cells and root sheath fibroblasts. In: Van Neste D, Lachapelle JM. 
. Antoine JL (eds.). Trwds ill Hilma" Hair Growlh a"d Alopecia Research. Kluwer. 
London 1989. pp 99 - 1 04 
11 . Messenger AG: Isolation. cu lture and in vitro behaviour of cells isolated from the 
papillae of human hair follicles. In: Van Neste D. Lachapelle JM. Antoine JL 
(cds.). Trctlds ill HumatJ Hair Growt/, mId Alopecia Researc". Kluwcr, London, 
1989. pp 57 -66 
12. Randall VA. Thornton MJ. Hamada K, Redfern C PF. Nutbrown M.Ebling FJG. 
Messenger A: Androgens and the hair follicle : cultured dermal papilla cells as a 
model system. In: Stenn KS. Messenger AG. Baden H (cds.). The Mo/ewlara"d 
Slrllctllral Biology of Hair. A,m NY Acad Sci 642:355-375. 1991 
13. Jahoda CAB. H orne KA. Oliver RF: Induction of hair growth by implantation of 
cultured dermal papilla cells. Nature 311 :560 - 562, 1984 
14. Mull er SA: Hair neogenesis. ] lolVeJI Oer",aloI56:1 -9, 1971 
15. J ahoda CAB. Oliver RF: Changes in hair growth characteristics following the 
wounding of vibrissa follicl es in the hooded rat.] Embryol Exp Morpho/83:8 1 -
93. 1984 
16. Jahoda CAB. Oliver RF: Histological studies of the effects of wounding vibrissa 
follicles in the hooded rat.] Embryol Exp Morl'llOl 83:95 - 1 08. 1984 
17. Jahoda CAB. Reynolds AJ. Chaponnier C. Forrester JC. Gabbiani G: Smooth 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29 . 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 
muscle a-actin is a marker for hair follicle dermis ill villo and ill vilro.] CeU Sci 
99:627-636. 1991 
Jahoda CAB. Oliver RF: Vibrissa dermal papilla cell aggregative behaviour in villO 
and in vilro.] Embryol Exp Morl'llOl 79:211 - 224. 1984 
Van Scott EJ. Ekcl TM: Geometric relationships between thc matrix of the hai 
bulb and its dermal papilla in normal and alopecic scalp.] Iuvesl Dermato~ 
31 :281-287. 1958 
Jahoda CAB: Induction of follicle formation and hair growth by vibrissa dermal 
papillae implanted into rat ear wounds: vibrissa-type fibres are specified. D eveJ_ 
opmeul 115:1103 - 1109. 1992 
Krawczyk WS: A pattern of cpidermal migration during wound healing. } Cell 
Bioi 49:247 -263. 1971 
Pang SC. Daniels WH, Buck RC: Epidermal migration during thc healing of 
suction blisters in r. t skin: a scanning and electron microscopic study. Am] Allal 
153:177 -192.1978 
Cohen J: Dermis. epidermis and dermal papillae interacting. In: Montagna W 
Dobson RL (cds.). Adv.uces iu Ihe Biology oj Ski", Vol. 9. Hair GroWlh. Perga~ 
mono Oxford. 1969. pp 1- 18 
Kollar EJ: An iu vilro study of hair and vibrissae development in embryonic mOuse 
skin.] lowest Dermalol 46:254 - 262. 1966 
Sengcl P: Epidermal-dermal interaction. In: Bereiter-Hahn J. Maltoltsy A (; 
Richards KS (cds.). Biology oflhe iUlegllmwl, Vol. 2. 374 - 408. Springer-Verlag' 
Berlin, Heidelberg, 1986 • 
Dhouailly D: Regional specification of cutaneous appendages in mammals 
Roux's Arch Dev Bioi 181 :3- 10. 1977 . 
Davidson p. Hardy MH: The devclopmentof mouse vibrissac in vivo and in v itro 
] A"aI 86:342-356. 1952 . 
Wessells NK. Roessner KD: Nonproliferation in dermal condensations of mouse 
vibrissae and pelage hairs. Dev Bioi 12:41 9-433. 1965 
Holbrook KA. Minami SI: Hair follicle embryogenesis in th e human _ 
characterization of events iu ,,;vo and ju vilro. In: Stenn KS, Messenger A (; 
Baden H (cds.). The MoleClilar a,,,1 Siructllra l Biology oj Hair. Am, NY Acad Sci 
642:167-196.1991 
Reynolds AJ .Jahoda CAB: C ultured dermal papilla cells induce follicle formation 
and hair growth by transdifferentiatio n of an adult epidermis. Development 
11 5:587 - 593. 1992 
Pisansarakit P, Moore GPM: Induction of hair follicles in mouse skin by rat 
vibrissa dermal papillae.] Embryol Exp Morph 94:113-119. 1986 
Oliver RF: Histological studies of wh isker regeneratio n in the hooded rat 
] Embryol Exp Morpho116: 231 - 244 , 1966 . 
J ahoda CAB. Horne KA. Mauger A. Bard S. Sengel P: Cellular and extracellular 
involvement in the regeneration of the rat lower vibrissa follicle. Delie/opmeNt 
114:887-897.1992 
Ibrahim L. Wright EA: A quantitative study of hair growth using mouse and rat 
vibrissal follicles. ] Embryol Exl' Morpho/ 72:209-224. 1982 
Whitby DJ. Ferguson MJW: The extracellular matrix of lip wounds in fetal 
neonatal and adult mice. Delie/opmeul 11 2:651 - 668. 1991 • 
ffrench-Constant C. Van de W ater L, Dvorak H F. Hynes RO: Reappearance of 
an embryonic pattern of fibronectin splicing during wound healing in the adult 
rat.] Cell Bioi 109:903-914. 1989 
Oliver RF: The regeneration of vibrissae-a model for dermal-epidennal inter_ 
actions. In: Fleischmajer R. Billingham RE (eds.). El'ilhelial-Meseuehymal Inter-
aClions. Williams and Williams. Baltimore. 1968. pp 267-279 
Limat A. Breitkreutz D. Stark H-J. HunzinkerT. ThikoetterG. Noser F. Fusenig 
N: Experimental modulatIOn of the dIfferentiated phenotype of keratinocytes 
from epidermis and hair follicl e outer root sheath matrix cells. In: Stenn KS 
Messenger AG. Baden H (cds.). The MoleClilar a"d SUllewral Biology oJHair. An,; 
NY Acad Sci 642:125-147.1991 
